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Abstract 
In this work, we apply the thermal wave method and the thermal pulse method for non-destructive evaluation of the polarization 
state of piezoelectric transducers. The pyroelectric response of the transducer is analyzed after heating it by a modulated laser 
beam or laser pulses. We demonstrate that the Fourier transform of the pulse response of a piezoceramic plate is equal to the 
frequency response. The time domain signal is determined at several bandwidths of the amplifier. Frequency spectra are derived 
by a discrete Fourier transform and divided by the transfer function of the measurement set-up.  
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1. Introduction  
Smart active systems based on integrated piezoceramics enable lightweight construction with integrated 
functionality. Piezoelectric sensors and actuators are embedded in structural components to interact with their 
environment [1]. They can sense and damp vibrations for active noise control, they can monitor the deformation and 
mechanical stress of load-carrying components or they can be used for the structural health monitoring of safety 
components.  
The piezoelectric devices are exposed to thermal and mechanical loads during their structural embedding which 
can lead to depolarization. We apply non-destructive evaluation based on pyroelectric measurements for process 
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control and device testing. A thermal excitation of the piezoelectric material in terms of thermal waves or thermal 
pulses gives rise to a pyroelectric current which carries information on the polarization profile. In frequency domain, 
the Laser Intensity Modulation Method (LIMM) is well-established [2]. Here, thermal oscillations are generated by 
a periodically modulated laser beam and the frequency spectrum of the pyroelectric current is obtained. In time 
domain, the Thermal Pulse Method (TPM) is widely known [3]. Thermal pulses are applied with a pulsed laser and 
the pyroelectric signal is recorded in time domain. Both methods have been used to map the polarization profiles in 
thin dielectric films with a high resolution [4, 5]. 
The frequency response of a system is equal to the Fourier transform of the pulse response of the system. This 
means that the pyroelectric current spectrum can be determined by thermal pulse measurements and a subsequent 
transformation of the time domain-signal to the frequency domain [6]. This approach allows us to combine the 
advantage of the TPM – it is up to 50 times faster than LIMM [4, 6] – with the LIMM models which we derived in 
our recent work [7, 8]. 
2. Theory 
The pyroelectric current is described by a fundamental relation [9]: 
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where A is the heated area, d the piezoelectric film thickness, p(z) the pyroelectric coefficient distribution, 4 = T - T0 
the temperature difference to the environment, t the time, and z the position in depth direction. The pyroelectric 
coefficient correlates directly with the spontaneous polarization [10]. 
 
In the case of LIMM, we consider a harmonically heated piezoelectric plate exhibiting heat losses to the 
environment, characterized by a thermal relaxation time Wth. The pyroelectric response yields [11]: 
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where )0 is the heat flux absorbed by the plate surface, c the specific heat, U the density, Z the circular frequency of 
heat modulation, p0 the average pyroelectric coefficient, pn the spatially dependent parts of the pyroelectric 
coefficient, and Wd = d²/π²a the heat diffusion time with the thermal diffusivity a of the plate.  
For a continuous distribution of relaxation times Wth and a homogeneous polarization with pn = 0, Eq. (2) results in 
[7]: 
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This model is equivalent to the Havriliak-Negami function as known from dielectric relaxation with the empirical 
parameters D and E accounting for the broadness and asymmetry of the distribution function [12]. Two special cases 
are the Cole-Cole relaxation for E = 1 and D < 1 and the Cole-Davidson relaxation for D  = 1 and E < 1 [13].  
 
In the case of the TPM, there are two approaches to describe the pyroelectric response. The first one is to find a 
model for the temperature distribution Θ(z, t) in the piezoelectric material and to insert it into Eq. (1). We have 
investigated this approach in [14]. The second approach is to perform a Fourier transform of the signal which will be 
considered in this work.  
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The time-domain signal U(tk) is converted to the frequency domain by a discrete Fast Fourier transform. The 
obtained frequency spectrum is divided by the transfer function H(fn) of the measurement set-up to account for the 
influence of the amplifier settings. The resulting pyroelectric current spectrum yields: 
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where k is the index of the sampled signal values, n is the index of the Fourier coefficients and N is the number of 
data points (both in time domain and in frequency domain). The frequency points are then given by: 
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with the sampling rate 't. 
3. Experimetal Methods 
In this work, a non-embedded lead-zirconate-titanate (PZT) plate with a size of (10 x 7 x 0.2) mm³ covered by a 
nickel-chromium electrode was analysed with the goal to apply the results to the embedded piezoceramics. 
LIMM measurements were performed by heating the samples periodically by a single laser diode 
(LCU98A041A, Laser Components GmbH, Olching, Germany) square-wave-modulated with frequencies of up to 
1 kHz each with a power of 14 mW at a wavelength of 980 nm. The complex pyroelectric current was determined 
by an impedance/gain-phase analyzer (Solartron 1260, Solartron Analytical, Farnborough, UK) with DC coupling. 
In order to reduce noise, 30 measurement repetitions were used for averaging. 
Thermal pulse measurements were carried out by heating the samples with a pulsed laser diode 
(LC905D3S3J09S, Laser Components GmbH, Olching, Germany) at a wavelength of 905 nm with a peak power of 
55 W, a pulse width of 100 ns and a repetition frequency of 1 Hz. The pyroelectric current was transformed to a 
voltage by a current amplifier (SR570, Stanford Research Systems, Sunnyvale, CA) and filtered by a home-built 
50 Hz notch filter before recording by a Waverunner® Xi-A oscilloscope (LeCroy, Chestnut Ridge, USA) with DC 
coupling.  
4. Results and Discussion 
4.1. Laser Intensity Modulation Method 
 
 
Fig. 1. Pyroelectric current spectrum of a PZT plate in comparison to a fit to Eq. (3). 
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Fig. 1 shows the pyroelectric current spectrum of the PZT plate fitted to Eq. (3). The thermal relaxation time 
amounts to 0.8 s. The spectrum is best described by a Cole-Davidson relaxation with E = 0.9. The PZT plate shows a 
homogeneous polarization distribution. The deviation from an ideal Debye-like model due to a slight time 
distribution is attributed to the impact of the electrodes and the electrical contact by a wire. The electrical contacting 
influences the heat transfer to the environment and, thus, the thermal relaxation processes. 
Recently, we have successfully demonstrated that this model can be applied to embedded piezoelectric 
transducers [7, 8]. The disadvantage is the long measurement time of several hours depending on the number of 
measurement repetitions for averaging. 
4.2. Thermal Pulse Method 
Fig. 2 illustrates the thermal pulse response of the PZT plate. The pyroelectric current was measured three times 
with different amplifier settings so that a wide bandwidth range was covered with a low noise level. Table 1 lists the 
parameters for the different settings. For larger bandwidths, the signal was shifted to the left covering a shorter time 
span. Thus, the sampling rate had to be small to record it with sufficient resolution. On the other hand, the recorded 
time span should be rather large to comprise also low frequencies. That would lead to very large datasets. Hence, 
additional measurements at small bandwidths were necessary which furthermore provided a lower noise level. The 
amplified signal was also filtered by a 50 Hz notch filter which once again reduced noise significantly.  
 
     Table 1. Amplifier settings of the SR570 and sampling rates for thermal pulse measurements. 
Number of measurement Gain mode Gain (V/A) Bandwidth (Hz) 't (µs) 
1 High Bandwidth 108 2000 0,1 
2 High Bandwidth 109 200 1 
3 Low Noise 109 15 5 
 
 
 
 (a)  (b) 
Fig. 2. Thermal pulse response of a PZT plate, recorded at (a) amplifier settings 1 and 2 and (b) setting 3. 
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 (a)  (b) 
Fig. 3. (a) Amplitude and (b) phase of the transfer function of the amplifier SR570 including the 50 Hz notch filter for the settings in Table 1. 
The transfer function of the amplifier (including the 50 Hz notch filter) was determined for each setting as shown 
in Fig. 3. The gain is decreased by 20 dB per decade after the respective cut-off frequency and there is a notch in the 
amplitude response at 50 Hz. The phase shift is around -90 degree for the first two settings as known for a low-pass 
filter. It appears to be larger for the third setting, but this may be caused by a higher measurement uncertainty at 
high frequencies. Note, that the notch filter induces a phase jump at 50 Hz.  
 
The frequency spectrum was determined and corrected according to Eq. (4). The number of sampled signal 
values amounts to approximately N = 105 for each measurement. The corrected current spectra are depicted in 
Fig. 4. The absolute values of the three spectra are not equal since the sampling rates were different. The 
measurement uncertainty increases at higher frequencies due to the growing signal attenuation of the current 
amplifier.  
 
 
 (a)  (b)  (c) 
Fig. 4. Pyroelectric current spectrum of a PZT plate divided by the transfer function of the amplifier for a bandwidth of (a) 2000 Hz (setting 1), 
(b) 200 Hz (setting 2) and (c) 15 Hz (setting 3). Blue diamonds mark the real part and red squares the imaginary part of the current. 
Fig. 5 summarizes all three spectra into one graph. For better comparison, the curves were normalized to the 
maximal absolute value and they were smoothed at higher frequencies by applying a moving average over 10 data 
points. The decreasing gain and phase shift of the current amplifier at frequencies above the cut-off frequency lead 
to a signal distortion at high frequencies regardless of the performed correction. The spectra for the bandwidths of 
200 Hz and 2 kHz coincide up to 1 kHz and the real part of the spectrum for the bandwidth of 15 Hz appears to be 
valid up to about 15 Hz. For the real part, the result is a monotonously increasing up to 1 kHz function which agrees 
with the measured LIMM spectrum. In case of the imaginary part, it was not possible to reproduce the LIMM curve 
features. Here, additional measurements are necessary at intermediate frequencies between 15 and 200 Hz. Future 
work will consider a transition function similar to the one in [6] to merge the different frequency spectra into one. 
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Fig. 5. Pyroelectric current spectra of a PZT plate for three different bandwidths. The curves were normalized to the maximal absolute value and 
were smoothed at higher frequencies by applying a moving average over 10 data points. The real and imaginary parts of the LIMM spectrum are 
shown for comparison. Re denotes the real part of the current and Im its imaginary part. 
5. Conclusions 
Non-destructive evaluation of the polarization state by thermal waves and thermal pulses is a suitable tool for 
piezoelectric transducer characterization. However, the thermal pulse response depended strongly on the amplifier 
settings. Several measurements with different bandwidths were necessary to obtain a wide frequency spectrum after 
the Fourier transform. The real part of the Fourier transform was in good agreement with the real part of the LIMM 
spectrum for a PZT plate. The undistorted frequency range for different bandwidths must be specified exactly to 
determine the imaginary part. Thermal pulse measurements with higher pulse spacing are planned to extend the 
frequency range to frequencies of less than 1 Hz. On the other hand, LIMM measurements up to 10 kHz will be 
performed. Furthermore, the Inverse Fourier transform will be implemented to calculate the original time-domain 
signal. 
In future, the results will be applied to the embedded piezoceramics manufactured by a wide range of production 
technologies and materials systems, e.g., PZT plates or fibers were integrated in low-temperature-cofired-ceramics 
(LTCC), in epoxy resin, in thermoplastic films and in die-cast aluminium [7, 8, 15]. The final goal is to establish a 
fast non-destructive evaluation method of their polarization state for smart component mass-production.  
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